Sequestration and subduction of deep-sea carbonate in the global ocean since the Early Cretaceous by Dutkiewicz, Adriana et al.
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 1 of 16 
Sequestration and subduction of deep-sea carbonate in the 1 
global ocean since the Early Cretaceous 2 
Adriana Dutkiewicz, R. Dietmar Müller, John Cannon, Sioned Vaughan, and Sabin 3 
Zahirovic 4 
EarthByte Group, School of Geosciences, University of Sydney, Sydney NSW 2006, 5 
Australia 6 
ABSTRACT 7 
Deep-sea carbonate represents the Earth’s largest carbon sink and one of the least-8 
known components of the long-term carbon cycle that is intimately linked to climate. By 9 
coupling the deep-sea carbonate sedimentation history to a global tectonic model, we 10 
quantify this component within the framework of a continuously evolving sea floor. A 11 
long-term increase in marine carbonate carbon flux since the mid-Cretaceous is 12 
dominated by a post-50 Ma doubling of carbonate accumulation to ~310 Mt C/yr at 13 
present-day. This increase was caused largely by the immense growth in deep-sea 14 
carbonate carbon storage, post-dating the end of the Early Eocene Climate Optimum. We 15 
suggest that a combination of a retreat of epicontinental seas, underpinned by long-term 16 
deepening of the seafloor, the inception of major Himalayan river systems, and the 17 
weathering of the Deccan Traps drove enhanced delivery of Ca2+ and HCO3- into the 18 
oceans and atmospheric CO2 drawdown in the 15 m.y. prior to the onset of glaciation at 19 
~35 Ma. Relatively stagnant mid-ocean ridge, rift- and subduction-related degassing 20 
during this period support our contention that continental silicate weathering, rather than 21 
a major decrease in CO2 degassing, may have triggered an increase in marine carbonate 22 
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accumulation and long-term Eocene global cooling. Our results provide new constraints 23 
for global carbon cycle models, and may improve our understanding of carbonate 24 
subduction-related metamorphism, mineralization and isotopic signatures of degassing. 25 
INTRODUCTION 26 
The long-term carbon cycle is regulated by volcanic and metamorphic outgassing, 27 
burial and subduction of carbon, and complex chemical weathering feedbacks (Berner, 28 
2004). Substantial progress has been made in constraining various non-sedimentary 29 
carbon fluxes through time (e.g., Brune et al., 2017; Dasgupta and Hirschmann, 2010; 30 
Kelemen and Manning, 2015). However, a key component of the carbon cycle is 31 
sedimentary carbon, most of which is sequestered in deep-sea carbonates (Berner, 2004; 32 
Clift, 2017) that are up to several 100 m thick and cover an area of 3,000 million km2—33 
more than five times the size of other marine carbonate environments combined 34 
(Milliman, 1993). The burial of carbonate represents the Earth’s largest carbon sink and 35 
the main mechanism by which CO2 is removed from the atmosphere and the ocean 36 
(Ridgwell and Zeebe, 2005). A proportion of this carbonate is subducted and recycled 37 
into the atmosphere via CO2 outgassing through subduction volcanism and 38 
metamorphism (Chen et al., 2016), while some carbon is trapped in the lithosphere or 39 
returned to the mantle (Kelemen and Manning, 2015). Deep-sea sedimentary carbonate 40 
remains the least-known component of the long-term carbon cycle (Clift, 2017) and has 41 
yet to be calculated for the geological past on a continuously evolving seafloor. 42 
Computing budgets for shallow-water carbonate accumulation is equally challenging due 43 
to the lack of comprehensive syntheses of all environments through time and widely 44 
ranging accumulation rates (Bosscher and Schlager, 1993; Milliman, 1993). Here we 45 
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quantify the time-dependence of deep-sea carbonate carbon accumulation and subduction 46 
since 120 Ma in a paleo-physiographic ocean basin context, incorporating carbonate 47 
platforms, and consider its impact on climate evolution (Fig. 1) and the atmospheric CO2 48 
cycle. 49 
METHODS 50 
Deep-sea carbonate deposition is a complex but geologically recent process. It 51 
reflects the evolution of calcareous plankton (Erba, 2006), and the deepening of the 52 
carbonate compensation depth (CCD), which controls the depth above which carbonate is 53 
preserved and below which it is dissolved (Ridgwell and Zeebe, 2005). The CCD 54 
encapsulates major parameters controlling the distribution of deep-sea carbonate 55 
including planktogenic calcite production, sea level fluctuations, and the carbonate 56 
saturation state of the oceans (Boss and Wilkinson, 1991; Hay, 2004). Our model is built 57 
from a global CCD curve (Fig. 1B), carbonate sedimentation rates based on the 58 
evolutionary history of calcareous plankton and the assessment of sedimentation rates 59 
from deep-sea drill sites and present-day seafloor samples, and paleobathymetry (see the 60 
GSA Data Repository1). The model considers the effect of the lysocline, the depth at 61 
which carbonate dissolution becomes noticeable (Ridgwell and Zeebe, 2005). Carbonate 62 
sediment thickness is calculated by modeling the deep-sea carbonate accumulation 63 
history of individual parcels of ocean floor as they gradually subside through the 64 
lysocline and below the CCD using a plate tectonic and oceanic paleo-age model (Müller 65 
et al., 2016), and a paleobathymetry model (see the Data Repository for detail). We 66 
evaluate alternative models for global CCD evolution and for the history of deep-sea 67 
carbonate sedimentation rates through time with the best-fit model determined via 68 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 4 of 16 
comparison of modeled versus observed compacted carbonate thicknesses at ocean 69 
drilling sites that have penetrated basement (Fig. 2; Table DR1; Fig. DR1). We use the 70 
pyGPlates python library to compute the intersections of our deep-sea carbonate 71 
thickness grids with evolving subduction zones, paired with trench-orthogonal 72 
convergence rates to derive rates of carbonate volume subduction through time. Our 73 
analysis includes carbonate platforms (Kiessling et al., 2003; Pall et al., 2018) because 74 
they are recognized as major sites of marine carbonate production (e.g., Boss and 75 
Wilkinson, 1991; Hay, 2004). We exclude reef carbonates as they comprise an 76 
insignificant fraction of the total marine carbonate production (Kiessling et al., 2003), 77 
and we exclude deposition on slopes and rises because it is poorly constrained and 78 
appears to have remained nearly constant since ~120 Ma (Hay, 1985; Opdyke and 79 
Wilkinson, 1988). 80 
DEEP-SEA AND PLATFORM CARBONATE CARBON SEQUESTRATION 81 
There is good agreement between modeled and observed total carbonate 82 
thicknesses from deep-sea drill sites throughout the global ocean (Fig. 2A, Table DR1). 83 
The majority of these sites have carbonate thicknesses that are within 20 m of those 84 
predicted with our best-fit model (Fig. 2B, Fig. DR1). The area above the CCD has 85 
increased from 25 to 185 million km2 between 80 Ma at the height of continental 86 
flooding (Fig. 1B) and the present-day, driven by the deepening of the global CCD from 87 
a depth of 3.2–4.8 km (Fig. 1B). This led to a vast increase in the mean carbonate carbon 88 
flux to the seafloor from a negligible 1 Mt C/yr at 80 Ma to 29 Mt C/yr at 35 Ma, and 201 89 
Mt C/yr at present-day (Fig. 1C), and a large increase in the thickness of deep-sea 90 
carbonate sediments (Fig. 3, Fig. DR3). The mean carbonate carbon flux to the platforms 91 
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decreased from 177 Mt C/yr at 80 Ma to 107 Mt C/yr at present-day with the overall 92 
increase in deep-sea sedimentary carbonate carbon sequestration outpacing the decrease 93 
in platform carbonate carbon flux, even when the large error envelopes are considered 94 
(Fig. 1C). 95 
DEEP-SEA CARBONATE SUBDUCTION 96 
In contrast to shallow-water carbonate platforms, deep-sea carbonates have the 97 
potential to be ultimately subducted and a proportion of carbonate carbon returned to the 98 
atmosphere as CO2 (Chen et al., 2016). We find that the mean subducted deep-sea 99 
sedimentary carbonate flux is relatively small (< ~5–15 Mt C/yr) prior to ~85–80 Ma, 100 
reflecting the paucity of pelagic carbonate deposition. After 80 Ma seafloor that has 101 
accumulated a layer of carbonate sediments up to ~50 m thick in the Early Cretaceous 102 
(Fig. 3) starts being subducted along the Pacific and northern Tethys margins, leading to 103 
an increase in carbonate carbon subduction flux to ~25 Mt C/yr. Between 50 and 35 Ma 104 
this flux increases gradually to ~30 Mt C/yr due to the progressive subduction of young, 105 
carbonate-rich mid-ocean ridge flanks along the active margins of the Americas and 106 
eastern Eurasia (Fig. DR3). A rapid increase toward the present-day value of 57 Mt C/yr 107 
after 15 Ma reflects the rapid deepening of the CCD paired with the subduction of young, 108 
carbonate-rich ridge flanks north of Australia and along the Americas, including the 109 
flanks of the Chile, Cocos and Juan de Fuca ridges (Fig. 3). Our present-day subducting 110 
sedimentary carbonate carbon flux of 57 Mt C/yr (Fig. 1C) differs slightly from the most 111 
recent estimate of 48 Mt/yr (Clift, 2017), which includes a small fraction subject to 112 
subduction accretion—a complex and intermittent process that is poorly constrained for 113 
the geological past and is not included in our calculations. Notably, the rate of 114 
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sedimentary carbonate carbon subduction increases since the Late Cretaceous despite 115 
global convergence rates decreasing from ~6–4 cm/yr since 80 Ma (Müller and 116 
Dutkiewicz, 2018), illustrating that the time-dependence of this flux is dominated by the 117 
subduction of ocean floor with increasing thicknesses of carbonate sediments through 118 
time. 119 
MARINE CARBONATE ACCUMULATION THROUGH TIME 120 
Early work on the marine carbonate budget concluded that decreasing carbonate 121 
accumulation on platforms since 140 Ma has been largely balanced by increasing 122 
accumulation in the deep sea (Opdyke and Wilkinson, 1988). Recently, Krissansen-123 
Totton and Catling (2017) suggested that total marine carbonate accumulation may have 124 
increased by 30% between 100 and ~50 Ma. Despite large errors, a similar 30% increase 125 
between 100 Ma to 70 Ma is evident in our computation of combined deep-sea carbonate 126 
and carbonate platform carbon accumulation (Fig. 1D). This increase was driven by the 127 
widespread flooding of continents (Fig. 1E) leading to an expansion of carbonate 128 
platforms and deposition of massive chalks (Fig. 1A). In contrast to the Krissansen-129 
Totton and Catling (2017) model, which suggests a roughly constant marine carbonate 130 
accumulation over the last 50 Ma, our model shows a distinct increase from ~150 Mt 131 
C/yr at ~50 Ma to ~310 Mt C/yr at present-day in total sedimentary carbonate carbon flux 132 
to the ocean (Fig. 1D). This increase coincides with the onset of global cooling 133 
(Summerhayes, 2015; Zachos et al., 2008), and is expressed by an accelerated deepening 134 
of the CCD (Fig. 1A, 1B). 135 
Long-term seafloor deepening (Fig. 1E), which commenced in the Late 136 
Cretaceous, amounted to ~50 m between 50 and 35 Ma leading up to the Oligocene 137 
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glaciation. The associated sea-level fall resulted in a substantial reduction of 138 
epicontinental seas and an increase in silicate weathering environments (Bluth and Kump, 139 
1991), particularly shale which accounts for 67% of the total CO2 consumed by 140 
weathering of silicate rocks today (Amiotte Suchet et al., 2003). The long-term regression 141 
would have amplified continental weatherability, particularly of Ca and Mg silicates in 142 
newly exposed shales. This potentially resulted in an increased uptake of CO2, enhanced 143 
delivery of Ca2+ and HCO3- into the oceans, and an increase in deep-sea carbonate 144 
sequestration beyond a simple transfer of carbonate from shallow to deep regions, 145 
drawing down atmospheric CO2 and progressively cooling the Earth, starting after 80 Ma 146 
in the Late Cretaceous. However, the observed increase in marine carbonate flux and 147 
associated plunge in global temperature calls for additional mechanisms (Fig. 1A). We 148 
propose that they include a combination of a global regression, the inception of major 149 
rivers (Ganges, Bramaputra, Godavari, Krishna and Mahanadi, Indus and Narmada) 150 
between ~55 and 50 Ma (Dutkiewicz et al., 2017) along the growing Himalayan 151 
mountain range, and the weathering of the Deccan Traps as they passed through the 152 
humid equatorial belt between 50 and 30 Ma (Kent and Muttoni, 2013), all increasing the 153 
supply of Ca2+ and HCO3- to the oceans. 154 
A counterargument would be that silicate weathering decreases with decreasing 155 
temperature and atmospheric CO2; if in balance, a constant weathering flux may result. In 156 
this scenario, global long-term cooling and enhanced carbonate accumulation may be 157 
entirely driven by a decrease in CO2 degassing of the Earth via decreasing crustal 158 
production along mid-ocean ridges (Krissansen-Totton and Catling, 2017). We assess 159 
whether tectonically-driven CO2 outgassing dropped significantly between 50 and 35 Ma. 160 
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Seafloor spreading rates decreased from 6.2 to 5.3 cm/yr during this time, while ridge 161 
length increased from 62,750–71,170 km (Müller and Dutkiewicz, 2018), resulting in a 162 
mere 1% decrease in crustal production and a decrease in CO2 flux by 0.2 Mt C/yr. Rift-163 
related CO2 flux is also relatively stagnant during this time (Brune et al., 2017). 164 
Degassing from the subduction of carbonate sediments increased during this period by 165 
~40% from 7 to 10 Mt C/yr assuming a conservative estimate of 35% degassing (Fig. 166 
1C), carbon degassing from carbonate in subducting crust increased by 1.5 Mt C/yr, 167 
while the storage of carbon in ocean crust decreased by 2.8 Mt C/yr (Müller and 168 
Dutkiewicz, 2018). The combined estimates provide no compelling evidence for a major 169 
change in CO2 degassing during this time. 170 
Deep-sea sedimentary carbonate storage and degassing along subduction zones 171 
are critical components of the carbon cycle. Our results provide new constraints for 172 
carbon cycle models, and for understanding metamorphism and mineralization in the 173 
overriding plate and the origin of isotopic carbon signatures in volcanism related to the 174 
subduction of sedimentary carbonates. Future refinements will incorporate revised CCD 175 
curves for major ocean basins and the effect of subduction accretion. 176 
ACKNOWLEDGMENTS 177 
We thank two anonymous reviewers, and editor Judith Totman Parrish for their 178 
constructive comments. This research was supported by the Deep Carbon Observatory 179 
and Alfred P Sloan Foundation grant G-2017–9997.  180 
REFERENCES CITED 181 
Amiotte Suchet, P., Probst, J.L., and Ludwig, W., 2003, Worldwide distribution of 182 
continental rock lithology: Implications for the atmospheric/soil CO2 uptake by 183 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 9 of 16 
continental weathering and alkalinity river transport to the oceans: Global 184 
Geochemical Cycles, v. 17, 1038, https://doi.org/10.1029/2002GB001891. 185 
Berner, R.A., 2004, The Phanerozoic Carbon Cycle: CO2 and O2: New York, Oxford 186 
University Press, 150 p. 187 
Bluth, G.J.S., and Kump, L.R., 1991, Phanerozoic paleogeology: American Journal of 188 
Science, v. 291, p. 284–308, https://doi.org/10.2475/ajs.291.3.284. 189 
Boss, S.K., and Wilkinson, B.H., 1991, Planktogenic/eustatic control on cratonic/oceanic 190 
carbonate accumulation: The Journal of Geology, v. 99, p. 497–513, 191 
https://doi.org/10.1086/629513. 192 
Bosscher, H., and Schlager, W., 1993, Accumulation rates of carbonate platforms: The 193 
Journal of Geology, v. 101, p. 345–355, https://doi.org/10.1086/648228. 194 
Brune, S., Williams, S.E., and Müller, R.D., 2017, Potential links between continental 195 
rifting, CO2 degassing and climate change through time: Nature Geoscience, v. 10, 196 
p. 941–946, https://doi.org/10.1038/s41561-017-0003-6. 197 
Cao, W., Zahirovic, S., Flament, N., Williams, S., Golonka, J., and Müller, R.D., 2017, 198 
Improving global paleogeography since the late Paleozoic using paleobiology: 199 
Biogeosciences, v. 14, p. 5425–5439, https://doi.org/10.5194/bg-14-5425-2017. 200 
Chen, C., Liu, Y., Foley, S. F., Ducea, M. N., He, D., Hu, Z., Chen, W., and Zong, K., 201 
2016, Paleo-Asian oceanic slab under the North China craton revealed by 202 
carbonatites derived from subducted limestones: Geology, v. 44, p. 1039-1042, 203 
https://doi.org/10.1130/G38365.1. 204 
Clift, P.D., 2017, A Revised Budget for Cenozoic Sedimentary Carbon Subduction: 205 
Reviews of Geophysics, v. 55, p. 97–125, https://doi.org/10.1002/2016RG000531. 206 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 10 of 16 
Dasgupta, R., and Hirschmann, M.M., 2010, The deep carbon cycle and melting in 207 
Earth’s interior: Earth and Planetary Science Letters, v. 298, p. 1–13, 208 
https://doi.org/10.1016/j.epsl.2010.06.039. 209 
Dutkiewicz, A., Müller, R.D., Wang, X., O’Callaghan, S., Cannon, J., and Wright, N.M., 210 
2017, Predicting sediment thickness on vanished ocean crust since 200 Ma: 211 
Geochemistry Geophysics Geosystems, v. 18, p. 4586–4603, 212 
https://doi.org/10.1002/2017GC007258. 213 
Erba, E., 2006, The first 150 million years history of calcareous nannoplankton: 214 
Biosphere–geosphere interactions: Palaeogeography, Palaeoclimatology, 215 
Palaeoecology, v. 232, p. 237–250, https://doi.org/10.1016/j.palaeo.2005.09.013. 216 
Hay, W.W., 1985, Potential errors in estimates of carbonate rock accumulating through 217 
geologic time, in Sunquist, E. T., and Broecker, W. S., eds., The Carbon Cycle and 218 
Atmospheric CO2: Natural Variations Archean to Present: Washington, D.C., 219 
American Geophysical Union, v. 32, p. 573–583, 220 
https://doi.org/10.1029/GM032p0573. 221 
Hay, W.W., 2004, Carbonate fluxes and calcareous nannoplankton, in Thierstein, H. R., 222 
and Young, J. R., eds., Coccolithophores—From Molecular Processes to Global 223 
Impact: Berlin, Springer, p. 509–528. 224 
Kelemen, P.B., and Manning, C.E., 2015, Reevaluating carbon fluxes in subduction 225 
zones, what goes down, mostly comes up: Proceedings of the National Academy of 226 
Sciences of the United States of America, v. 112, p. E3997–E4006, 227 
https://doi.org/10.1073/pnas.1507889112. 228 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 11 of 16 
Kent, D.V., and Muttoni, G., 2013, Modulation of Late Cretaceous and Cenozoic climate 229 
by variable drawdown of atmospheric pCO2 from weathering of basaltic provinces 230 
on continents drifting through the equatorial humid belt: Climate of the Past, v. 9, 231 
p. 525–546, https://doi.org/10.5194/cp-9-525-2013. 232 
Kiessling, W., Flügel, E., and Golonka, J., 2003, Patterns of Phanerozoic carbonate 233 
platform sedimentation: Lethaia, v. 36, p. 195–225, 234 
https://doi.org/10.1080/00241160310004648. 235 
Krissansen-Totton, J., and Catling, D.C., 2017, Constraining climate sensitivity and 236 
continental versus seafloor weathering using an inverse geological carbon cycle 237 
model: Nature Communications, v. 8, p. 15423, 238 
https://doi.org/10.1038/ncomms15423. 239 
Milliman, J.D., 1993, Production and accumulation of calcium carbonate in the ocean: 240 
Budget of a nonsteady state: Global Biogeochemical Cycles, v. 7, p. 927–957, 241 
https://doi.org/10.1029/93GB02524. 242 
Müller, R. D., and Dutkiewicz, A., 2018, Oceanic crustal carbon cycle drives 26 million-243 
year atmospheric carbon dioxide periodicities: Science Advances, v. 4, p. eaaq0500, 244 
https://doi.org/10.1126/sciadv.aaq0500. 245 
Müller, R.D., Sdrolias, M., Gaina, C., Steinberger, B., and Heine, C., 2008, Long-term 246 
sea level fluctuations driven by ocean basin dynamics: Science, v. 319, p. 1357–247 
1362, https://doi.org/10.1126/science.1151540. 248 
Müller, R.D., et al., 2016, Ocean basin evolution and global-scale plate reorganization 249 
events since Pangea breakup: Annual Review of Earth and Planetary Sciences, v. 44, 250 
p. 107–138, https://doi.org/10.1146/annurev-earth-060115-012211. 251 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 12 of 16 
Opdyke, B.N., and Wilkinson, B.H., 1988, Surface area control of shallow cratonic to 252 
deep marine carbonate accumulation: Paleoceanography, v. 3, p. 685–703, 253 
https://doi.org/10.1029/PA003i006p00685. 254 
Pall, J., Zahirovic, S., Doss, S., Hassan, R., Matthews, K.J., Cannon, J., Gurnis, M., 255 
Moresi, L., Lenardic, A., and Müller, R.D., 2018, The influence of carbonate 256 
platform interactions with subduction zone volcanism on palaeo-atmospheric CO2 257 
since the Devonian: Climate of the Past, v. 14, p. 857–870, 258 
https://doi.org/10.5194/cp-14-857-2018. 259 
Ridgwell, A., and Zeebe, R.E., 2005, The role of the global carbonate cycle in the 260 
regulation and evolution of the Earth system: Earth and Planetary Science Letters, 261 
v. 234, p. 299–315, https://doi.org/10.1016/j.epsl.2005.03.006. 262 
Scotese, C.R., 2017, A new global temperature curve for the Phanerozoic: Geological 263 
Society of America Abstracts with Programs, v. 48, no. 7, 264 
https://doi.org/10.1130/abs/2016AM-287167. 265 
Stanley, S.M., and Hardie, L.A., 1998, Secular oscillations in the carbonate mineralogy 266 
of reef-building and sediment-producing organisms driven by tectonically forced 267 
shifts in seawater chemistry: Palaeogeography, Palaeoclimatology, Palaeoecology, 268 
v. 144, p. 3–19, https://doi.org/10.1016/S0031-0182(98)00109-6. 269 
Summerhayes, C.P., 2015, Earth’s Climate Evolution: West Sussex, UK, John Wiley & 270 
Sons, 394 p, https://doi.org/10.1002/9781118897362. 271 
Zachos, J.C., Dickens, G.R., and Zeebe, R.E., 2008, An early Cenozoic perspective on 272 
greenhouse warming and carbon-cycle dynamics: Nature, v. 451, p. 279–283, 273 
https://doi.org/10.1038/nature06588. 274 
Publisher: GSA 
Journal: GEOL: Geology 
DOI:10.1130/G45424.1 
Page 13 of 16 
 275 
FIGURE CAPTIONS 276 
 277 
Figure 1. Climate proxies, tectonic drivers, and carbon fluxes since 120 Ma. A: Global 278 
average surface temperature from Scotese (2017)—black curve, and deep-ocean 279 
temperature from Summerhayes (2015)—blue curve. Key events from Zachos et al. 280 
(2008) and Stanley and Hardie (1998). EECO denotes the Early Eocene Climate 281 
Optimum. B: Global carbonate compensation depth (CCD) (Boss and Wilkinson, 1991) 282 
used in our computations. Area above the CCD is computed by masking the area below 283 
the CCD through time on the paleobathymetry maps (Fig. DR2). Error envelopes include 284 
uncertainties in the determination of the CCD and sedimentation rates through time. C: 285 
Deep-sea sedimentary carbonate carbon storage (red curve with gray error envelope), 286 
deep-sea sedimentary carbonate carbon subduction (blue curve with gray error envelope), 287 
and platform carbonate carbon storage (black curve with yellow error envelope reflecting 288 
range of accumulation rate from 30 to 80 m/Myr excluding outliers) based on the 289 
distribution of pure carbonate platforms from Kiessling et al. (2003) and accumulation 290 
rates from Bosscher and Schlager (1993). Negative numbers indicate carbon storage flux; 291 
subducting carbonate carbon flux (blue curve) is shown as positive numbers, as this 292 
component includes a significant proportion that is degassed into the atmosphere. Arrows 293 
indicate key times of flux change. D: Total carbonate carbon flux (black curve with gray 294 
uncertainty envelope) from the sum of red and black curves in C. Red curve was 295 
computed using a low-pass cosine arch filter with 35 Myr width. E: Flooded continental 296 
area based on alternative paleogeographic reconstructions (Cao et al., 2017). Mean 297 
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seafloor depth includes basement depth (Müller et al., 2016), elevation of oceanic 298 
plateaus (Müller et al., 2008) and sediment thickness (Dutkiewicz et al., 2017). 299 
 300 
Figure 2. Comparison of modeled versus observed total compacted carbonate thicknesses 301 
(converted to 100% carbonate) from ocean drilling sites that penetrated oceanic basement 302 
and are well-defined by CaCO3 and porosity measurements (Table DR1). A: The first 303 
number gives the difference between modeled and observed carbonate thicknesses, with 304 
the drill site identifier shown in parentheses. Elevation from ETOPO1 global relief 305 
model. B: Distribution of carbonate thickness residuals shown in (A). Mercator 306 
projection. 307 
 308 
Figure 3. Modeled compacted deep-sea carbonate thickness for key time slices in Figure 309 
1A. Subduction zones (black hatched lines), other plate boundaries (black lines with 310 
white outlines), pure carbonate platforms from Kiessling et al. (2003) (magenta), and 311 
paleo-coastlines (white outlines) on continents (gray) are shown. Cool-water carbonates 312 
are not included. Reconstructions from Müller et al. (2016). Abbreviations: JFR—Juan de 313 
Fuca Ridge, CR—Cocos Ridge, ChR—Chile Ridge. Mollweide projection. 314 
 315 
1GSA Data Repository item 2018xxx, detailed methods, Tables DR1–DR2 and Figures 316 
DR1–DR3, is available online at http://www.geosociety.org/datarepository/2018/, or on 317 
request from editing@geosociety.org. Gridded data are available at 318 
https://www.earthbyte.org/webdav/ftp/Data_Collections/Dutkiewicz_etal_2019_Geology319 
/ 320 
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METHODS 
Carbonate sedimentation rates 
Coccolithophores and associated nannoplankton are the largest contributors of carbonate 
to the deep sea (Baumann et al., 2005; Berger, 2011), first appearing in the geological 
record in the Late Triassic (~220 Ma) (Bown et al., 2004). Despite rapid diversification, 
their production was low throughout most of the Jurassic and restricted to shelf seas 
(Hay, 2004; Roth, 1986), shifting to the open ocean in the late Jurassic (~ 150 Ma) in a 
major event that changed the global carbonate system (Roth, 1989). Planktonic 
foraminifera that are also a significant component of pelagic carbonates first appear in the 
Middle Jurassic (~ 170 Ma) (Knoll, 2003) but only became major producers of carbonate 
sediment in the Neogene (from ~ 23 Ma) (Roth, 1986).  
Sedimentation rates for pelagic carbonates deposited during the Mesozoic are difficult to 
constrain because there are few deep-sea drill sites that penetrate to basement, have good 
core recovery, and have reliable and complete age-depth relationships (Fig. 2, Table 
DR1). For our preferred model (Model 1) that results in the best comparison with 
observed carbonate sediment thicknesses from deep-sea drill sites, we assume that deep-
sea pelagic carbonate sedimentation rate prior to 170 Ma was zero. From 170 Ma to 152 
Ma we estimate that the sedimentation rate was only 0.2 cm/ky, increasing to 0.5 cm/ky 
between 152 Ma and 144 Ma based on decompacting the values from Bornemann et al. 
(Bornemann et al., 2003). From 144 Ma to present-day we assume a constant 
sedimentation rate of 1.8 cm/ky based on a median calculated from 160 deep-sea surface 
carbonate sediments containing > 50% CaCO3 (see Fig. 2 in Dutkiewicz et al. (2017)). 
This is consistent with a global average of 1–3 cm/ky for calcareous oozes (Kennett, 
1982) and captures temporal and spatial variations evident in deep-sea drill sites removed 
from continents and upwelling regions during their lifetime (Davies and Worsley, 1981). 
We run additional models using alternative sedimentation rates that provide minimum 
(Model 2, Table DR1) and maximum (Model 3, Table DR1) constraints on our model. 
We also use long-term sedimentation rates from Opdyke and Wilkinson (1988) based on 
Deep Sea Drilling project data from Whitman and Davies (Whitman and Davies, 1979); 
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however, these sedimentations rates are very low and result in a poor agreement with 
observed thicknesses (Fig. DR1).  
Table DR1. Sedimentation rate models. Model 1 results in the most favourable 
comparison with present-day carbonate thicknesses (see Fig. 2 and Fig. DR1). 
Time (Ma) Sedimentation rate 
(cm/ky) 
Model 1 (preferred) 
Prior to 170 0 
170–152 0.2 
152–144 0.5 
144–0 1.8 
Model 2 (minimum) 
Prior to 170 0 
170–152 0.2 
152–144 0.5 
144–0 1.6 
Model 3 (maximum) 
Prior to 170 0 
170–152 0.2 
152–144 0.5 
144–0 2.0 
Model 4 (from Opdyke and 
Wilkinson (34)) 
180–170 0 
170–60.5 0.2 
60.5–35.2 0.3 
35.2–27.7 0.5 
27.7–18.9 0.4 
18.9–12.1 0.5 
12.1–9.6 0.6 
9.6–6 0.7 
6–4.5 0.8 
4.5–3.1 0.9 
3.1–2.4 1.0 
2.4–0 1.1 
 
Carbonate Compensation depth (CCD) and its uncertainties 
The process of seafloor spreading slowly moves calcareous sediment and the underlying 
young ocean crust at mid-ocean ridges to deeper regions of the ocean where sediments 
overlying older carbonate-rich deposits are carbonate-free, having been deposited on 
ageing ocean crust at greater depths below the CCD.  
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In addition to the global CCD curve of Boss and Wilkinson (1991), we ran all the 
sedimentation rate models using the global CCD curve of Opdyke and Wilkinson (1988), 
which is based on combined CCDs from Van Andel (1975) and Broecker and Peng 
(1982). Sensitivity analysis shows that the combination of the Boss and Wilkinson (1991) 
global CCD and Model 1 sedimentation rates results in the best overall agreement with 
observed carbonate sediment thickness (Fig. 2, Fig. DR1). 
The uncertainties in CCD depth estimates include uncertainties in reconstructed basement 
depth, which can be summarized as any sediment-unloaded basement depth deviations 
from an ideal age-depth relationship. A widely used age-depth relationship is the plate 
model by Stein and Stein (1992). Müller et al. (2008) used this model, together with their 
oceanic crustal ages and a global sediment thicknesses to compute a residual basement 
depth grid. This grid outlines regional deviations from the expected basement depth 
based on an age-depth relationship that assumes that all mid-ocean ridge crests have the 
same initial depth and the same crustal thickness, and that all mid-ocean ridge flanks 
follow the same tectonic subsidence curve. The median residual basement depth based on 
this model is 150 m, providing a global estimate of the uncertainty in reconstructing 
basement depth. Additional uncertainties in reconstructing CCD depth include errors in 
decompacting sediments, uncertainties introduced by unconformities and in identifying 
the CCD based on the measured sedimentary carbonate fraction. Van Andel (1975) 
estimated all uncertainties, other than those related to basement depth, to average 
± 150 m.  We adopt this estimate, yielding a total uncertainty of ± 300 m in CCD depth 
estimates. The uncertainty is incorporated into our sensitivity analysis (Fig. DR1H and 
DR1I) and error envelopes (Fig. 1). 
Lysocline 
Our model considers that dissolution of carbonate occurs ~ 300 m above the CCD with 
carbonate content of sediment decreasing from near 100% at the lysocline (Milliman, 
1993), a sediment property where dissolution becomes noticeable, to 0% at the CCD 
(Ridgwell and Zeebe, 2005).  
Paleobathymetry calculation 
We follow the method described in Müller et al. (2008) to construct oceanic paleo-depth 
maps by converting oceanic paleo-age from Müller et al. (2016) to basement depth, and 
for including the elevation of major large igneous provinces (LIPs). Sediment thickness 
through time, including its isostatic effect, is added by considering its dependence on age 
and proximity to passive continental margins through time (Dutkiewicz et al., 2017). 
These paleo-bathymetry maps form the basis for computing intersections of the carbonate 
compensation depth with the seafloor.   
Carbonate thickness calculation 
At each 1 My time step from 0 to 120 Ma, a decompacted and compacted carbonate 
sediment thickness grid with 0.5° resolution is generated. Additionally, a mask grid is 
generated at each time step that represents where on the current seafloor carbonate is 
currently (at that time step) being deposited, and hence does not include the deposition 
history over the lifetime of the current ocean floor. A uniform distribution of points in 
latitude and longitude is generated for each grid at each time. At each grid point we 
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sample input bathymetry, crustal age and mean distance to passive margins using input 
data grids representing those respective quantities at a specific time on the ocean floor. 
These input data are used at each grid point to model the bathymetry of a parcel of ocean 
floor over its lifetime. This allows us to trace the bathymetry history of the parcel of 
ocean floor (at that grid point) and compare it with the CCD, which also varies over the 
ocean parcel's history. Note that the carbonate sedimentation rate is only non-zero for 
those time intervals when the parcel's bathymetry is above the CCD. The carbonate 
sedimentation rate is modelled to vary linearly with depth through the lysocline from the 
maximum rate associated with the bathymetry at the initiation of the parcel (at the mid-
ocean ridge when its age is zero) to zero sedimentation rate at the CCD. The maximum 
sedimentation rate curve is sampled at each time in the history of a single parcel, rather 
than sampled only at the time when the parcel is at the mid-ocean ridge. 
The varying carbonate sedimentation rate over the ocean parcel's lifetime is then 
accumulated over these time intervals (when modelled bathymetry is above CCD) to 
obtain the total decompacted carbonate sediment thickness, which can be used as a 
measure of total carbonate content at the current time. A compacted carbonate thickness 
is also calculated. For this we assume an average sediment density of 2647 kg/m3, a 
porosity of 0.66, and decay constant of 1333 m (Kominz et al., 2011) to provide an 
indication of what the total sediment thickness would be if only carbonate were 
deposited. The bathymetry over the ocean parcel's lifetime is modelled as tectonic 
subsidence (sediment-free depth) plus an isostatically compensated total compacted 
sediment thickness. The seafloor subsidence is obtained by converting ocean floor age to 
depth using the GDH1 model (Stein and Stein, 1992). The total compacted sediment 
thickness is predicted using a bicubic polynomial of the ocean parcel's age and mean 
distance to passive margins over the parcel's lifetime (Dutkiewicz et al., 2017). A 
constant offset is applied to the bathymetry model to ensure that it matches the known 
bathymetry (obtained from the input grid) at the current age of the parcel of ocean crust. 
Subducted carbonate calculation 
This calculation is performed using a published workflow based on the pyGPlates python 
library (www.gplates.org and https://github.com/EarthByte/PlateTectonicTools) and is 
outlined in (Müller and Dutkiewicz, 2018). 
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Table DR2. DSDP and ODP data for sites drilled to oceanic basement. Crustal ages 
obtained from the present-day age grid of Müller et al. (2016). Water depth is obtained 
from the ETOPO1 model of Amante and Eakins (2009). Depth to basement and lithology 
overlying basement from DSDP and ODP initial reports and proceedings volumes. 
Observed total carbonate thicknesses (100% carbonate) calculated for each site are based 
on stratigraphy and unit thickness from DSDP and ODP initial reports and proceedings 
volumes, and CaCO3 contents from DSDP and ODP initial reports and proceedings 
volumes obtained via the National Centres for Environmental Information (NCEI) at the 
National Oceanic and Atmospheric Administration (NOAA) 
(https://www.ngdc.noaa.gov/mgg/fliers/00mgg03.html and 
https://www.ngdc.noaa.gov/mgg/geology/data/joides_resolution/odp_2001_cdrom/), 
IODP LIMS (LORE) Reports (http://iodp.tamu.edu/LORE/) and PANGAEA® Data 
Publisher (https://www.pangaea.de/). The model results are based on the sedimentation 
rate model 1 (Table DR1) and global CCD from (Boss and Wilkinson, 1991).  
 
Site 
Long. 
(°) 
Lat. 
(°) 
Ocean 
region 
Crustal 
age 
(My) 
Water 
Depth 
 (m)  
Depth to 
basement 
(m) 
Lithology 
overlying 
basement 
Total compacted carbonate 
thickness (m) 
Observed Modelled Difference 
332 -33.64 36.88 
North 
Atlantic  3.1 1729 105 
foram-
bearing 
nannofossil 
ooze 96.5 25.8 70.7 
396 -43.52 22.99 
North 
Atlantic 13.6 4452 125 
calcareous 
clay 
interbedded 
with marly 
nannofossil 
ooze 101.8 84.2 17.6 
9 -59.20 32.77 
North 
Atlantic 103.7 5012 834.5 zeolitic clay 20.3 21.5 -1.2 
137 -27.06 25.93 
North 
Atlantic 105.7 5389 397 
nannofossil 
marl ooze 69.7 24.8 44.9 
417 -68.04 25.11 
North 
Atlantic 119.9 5464 343 
clayey 
nannofossil 
chalk 16.9 40.4 -23.5 
543 -58.65 15.71 
North 
Atlantic —— 5560 411 
calcareous 
ferruginous 
claystone 1.2 23.8 -22.6 
15 -17.98 
-
30.89 
South 
Atlantic  19.6 3933 140.6 
nannofossil 
ooze 108 121.9 -13.9 
19 -23.68 
-
28.53 
South 
Atlantic  46.3 4583 140.9 
nannofossil 
chalk ooze 
with 
hematite 78 83.6 -5.6 
894 
-
101.53 2.30 
North 
Pacific  0.9 4473 9.3 
calcareous 
ooze and 
foram sand 7.5 4.8 2.7 
856 
-
128.68 48.44 
North 
Pacific  1.1 2473 115.7 
hemipelagic 
and 
turbiditic 
sediments 3 5.0 -2.0 
485 
-
107.90 22.75 
North 
Pacific  1.2 3016 153.5 silty clay 9.1 12.6 -3.5 
1256 -91.93 6.74 
North 
Pacific  15.3 3627 250.7 
nannofossil 
ooze with 
some clay 132.5 93.1 39.4 
1224 
-
141.98 27.89 
North 
Pacific 46.3 4978 28 clay 0 71.3 -71.3 
1215 
-
147.93 26.03 
North 
Pacific 58.4 5409 69.2 
metalliferous 
sediment 32.8 39.4 -6.6 
 
 
6 
 
192 164.71 53.01 
North 
Pacific 104.8 2997 1044 
chalk and 
calcerous 
claystone 36.2 20.7 15.5 
164 
-
161.52 13.20 
North 
Pacific 109.2 5464 256 
cherty 
claystone 1.3 30.4 -29.1 
464 173.89 39.86 
North 
Pacific 114.4 4663 307.6 
chert 
limestone 55.2 31.1 24.0 
66 
-
166.12 2.39 
North 
Pacific 121.7 5331 193 
radiolarian 
clay 0.6 15.2 -14.6 
303 154.45 40.81 
North 
Pacific 126.1 5637 284.8 
cherty 
nannofossil 
ooze 10.2 24.9 -14.7 
1179 159.96 41.08 
North 
Pacific 128.0 5578 377.2 
chert within 
unknown 
lithology 3 31.1 -28.1 
166 
-
175.08 3.76 
North 
Pacific 128.1 4946 307 
nannofossil 
marlstone 25.7 31.6 -5.8 
304 155.07 39.34 
North 
Pacific 128.9 5662 334 .5 
nanno ooze 
and chert 17.0 34.0 -17.0 
1149 143.35 31.34 
North 
Pacific 133.0 5818 407.8 
radiolarian 
chert and 
radiolarian 
nanno marl 63.1 46.5 16.6 
307 161.01 28.59 
North 
Pacific 146.4 5661 298 
nannofossil 
claystone 28.2 8.6 19.6 
169 173.55 10.67 
North 
Pacific 151.0 5361 233 
cherty 
nannofossil 
chalk 13.2 6.3 6.9 
801 156.36 18.64 
North 
Pacific 171.0 5675 461.6 
radiolarian 
claystone 7.7 2.5 5.2 
838 
-
176.89 
-
20.83 
South 
Pacific  2.5 2315 153.8 
basaltic 
gravel 26.7 16.3 10.4 
595 
-
165.53 
-
23.82 
South 
Pacific 93.8 5633 69.8 
cherty 
claystone 0 6.3 -6.3 
250 39.37 
-
33.46 Indian 93.1 5118 725.3 detrital clay 28.9 10.3 18.5 
256 100.78 
-
23.46 Indian 110.4 5205 251 detrital clay 0.0 34.2 -34.2 
257 108.35 
-
30.99 Indian 115.9 5257 262 detrital clay 8.0 52.0 -44.1 
261 117.89 
-
12.95 Indian 150.9 5654 532.5 
nannofossil 
claystone 86.1 99.2 -13.1 
265 109.95 
-
53.54 Indian  13.9 3646 444.5 
clay and 
diatom-
bearing 
nannofossil 
ooze 87.5 85.3 2.2 
266 110.11 
-
56.40 Indian  22.7 4266 370.3 
nannofossil 
claystone 108.2 139.5 -31.3 
213 93.90 
-
10.21 Indian  57.0 5584 154 zeolitic clay 8.3 41.9 -33.6 
240 50.05 -3.49 Indian  65.1 5076 190 
nannofossil 
ooze, silty 
clay, sandy 
silt, and sand 27.6 48.5 -20.9 
239 51.68 
-
21.30 
Philippine 
Sea 70.4 4968 320 
nannofossil 
claystone 90.3 63.5 26.8 
323 -98.00 
-
63.68 Southern  75.2 4992 701 zeolitic clay 6.7 31.4 -24.7 
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Figure DR1. Distribution of carbonate thickness residuals showing the difference 
between various modelled thicknesses and observed carbonate thickness from the Deep 
Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) (see Table DR2 and Fig. 
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2). Sedimentation rate models are shown in Table DR1. Note that the residuals based on 
our preferred best-fit model using sedimentation rate model 1 and the global CCD from 
Boss and Wilkinson (1991) are shown in Fig. 2. (A) Global CCD from Boss and 
Wilkinson (1991) and sedimentation rate model 2. (B) Global CCD from Boss and 
Wilkinson (1991) and sedimentation rate model 3. (C) Global CCD from Boss and 
Wilkinson (1991) and sedimentation rate model 4. (D) Global CCD from Opdyke and 
Wilkinson (1988) and sedimentation rate model 1. (E) Global CCD from Opdyke and 
Wilkinson (1988) and sedimentation rate model 2. (F) Global CCD from Opdyke and 
Wilkinson (1988) and sedimentation rate model 3. (G) Global CCD from Opdyke and 
Wilkinson (1988) and sedimentation rate model 4. (H) Global CCD from Boss and 
Wilkinson (1991) with -300 m error and sedimentation rate model 2. (I) Global CCD 
from Boss and Wilkinson (1991) with +300 m error and sedimentation rate model 3. 
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Figure DR2. Plaeobathymetry shown at 10 Myr intervals. Subduction zones (black 
hatched lines), other plate boundaries (black lines with white outlines), and paleo-
coastlines (white outlines) on continents (gray) are shown. Mollweide projection. 
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Figure DR2 cont. Paleobathymetry shown at 10 Myr intervals. Subduction zones (black 
hatched lines), other plate boundaries (black lines with white outlines), and paleo-
coastlines (white outlines) on continents (gray) are shown. Mollweide projection. 
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Figure DR3. Modelled compacted deep-sea carbonate thickness shown at 10 Myr 
intervals. Subduction zones (black hatched lines), other plate boundaries (black lines with 
white outlines), carbonate platforms from Kiessling et al. (2003) (magenta), and paleo-
coastlines (white outlines) on continents (gray) are shown. Mollweide projection. 
 
 
12 
 
 
 
Figure DR3 cont. Modelled compacted deep-sea carbonate thickness shown at 10 Myr 
intervals. Subduction zones (black hatched lines), other plate boundaries (black lines with 
white outlines), carbonate platforms from Kiessling et al. (2003) (magenta), and paleo-
coastlines (white outlines) on continents (gray) are shown. Mollweide projection. 
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